The second generation Collection 005 (C005) MODIS operational algorithm for retrieval of aerosol properties was evaluated and validated for the greater Mediterranean basin (29.5
• N and 10.5
• W-38.5
• E), a region with an atmosphere under siege by air pollution and diminishing water resources that are exacerbated by high aerosol 5 loads and climatic change. The present study aims to quantify the differences between the C005 and the previous (C004) MODIS collections, and re-assess the results of previous studies that have been performed for the region using MODIS C004 aerosol optical depth (AOD) products. Daily data of AOD from EOS-Terra covering the 6-year period 2000-2006 were taken from both C005 and C004 Level-3 datasets,
Introduction
Aerosols are very important to the Earth's climate playing a crucial role in the radiation budget, cloud processes and air quality. Changes in the atmospheric aerosol load, as well as changes, for example, in greenhouse gases, solar radiation and land surface properties, alter the energy balance of the Earth-atmosphere climate system.
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These changes are usually expressed in terms of associated radiative forcings on the global climate. Aerosol forcing remains the dominant uncertainty in climate radiative forcing (IPCC, 2007) mainly due to the incomplete knowledge of aerosol physical, and chemical properties, and to the short atmospheric aerosol lifetime. Therefore, continuous monitoring of aerosol properties is of high priority since it significantly contributes 10 in constructing a concise picture of aerosols. This monitoring is currently being performed via globally distributed ground-based station networks (mainly Aerosol Robotic Network, AERONET, Holben et al., 2001 ) which have however incomplete spatial coverage, and by satellites that measure several aerosol properties on a planetary scale and at high spatial resolution. Satellite data, in conjunction with radiative transfer mod-15 els, are invaluable for monitoring the global aerosol budget and the aerosol radiative effects on climate (Charlson, 1992; Penner et al., 1992; Vardavas and Taylor, 2007) .
The Moderate Resolution Imaging Spectroradiometer (MODIS) sensor on the Terra and Aqua satellites is retrieving daily global aerosol products over land and ocean in a 20 variety of spectral bands from blue to thermal infra-red (Kaufman et al., 1997; ) every 1-2 days with a 16-day repeat cycle. Terra and Aqua (both with a 705 km orbit) are in a sun-synchronous, near polar, circular orbit. Aqua crosses the equator daily at 01:30 p.m. LT as it moves north (ascending mode) in contrast to Terra, which crosses the equator at 10:30 a.m. daily (descending mode). Since its 25 first launch (18 December 1999) , the MODIS aerosol algorithm has been continuously updated and evaluated by the MODIS scientific team. This resulted in a complete set of products, called Collection 004 (C004), that are based on MODIS algorithm version 16893 V4.2.2 (Kaufman et al., 1997; Tanre at al., 1997; Levy et al. 2003; . To date, many studies (e.g. Remer et al., 2001; Chu et al., 2002; Ichoku et al., 2002; Remer et al., 2002; Vermote et al., 2002; Xia et al., 2004; Levy et al., 2005; have been carried out validating the MODIS aerosol products against those retrieved from ground-based sun photometer observations, mainly those of AERONET.
Most of these validation studies have shown that although MODIS aerosol optical depth (AOD) values were within the expected error, the lower AOD values were overestimated and the higher AOD values were underestimated Levy et al., 2005) . Specifically over bright surfaces and dust regions, a number of studies (Kaufman et al., 2000; Chin et al., 2004; Tripathi et al., 2005; Jethva et al., 10 2007; Santese et al., 2007a) have shown that mainly because of spatial heterogeneity and higher uncertainty associated with the surface reflectance, the MODIS C004 AOD tended to be overestimated compared to ground-based observations.
The systematic biases of the MODIS C004 algorithm, mainly over land, led the MODIS team to improve the retrieval algorithm. The new version V5.2 of the MODIS 15 algorithm, called Collection 005 (C005), was implemented recently (Levy et al., 2007a, b) to correct systematic biases of the earlier used MODIS algorithm C004. The complete description of the new second-generation algorithm and its major changes with respect to the previous one can be found in the "Algorithm Theoretical Basis Document for Collection 5" (ATBD-2006; available at: http://modis-atmos.gsfc.nasa.gov/ 20 MOD04 L2/index.html) and in other works (Levy et al., 2007a, b) .
In the present study, we evaluate the differences between the six-year (2000-2006) MODIS Terra C005 and C004 AOD daily products at 550 nm (AOD 550 ) retrieved by these two algorithms. The evaluation is of great interest to document the differences between the two MODIS collections, and re-assess the results of previous studies 25 (Barnaba and Gobbi, 2004; Ichoku et al., 2005; Levin et al., 2005; Meloni et al., 2006; Kazadzis et al., 2007; Kaskaoutis et al., 2007; Santese et al., 2007a, b) that have been performed for the region using MODIS C004 AOD products. The evaluation is performed at the geographical cell (1 • ×1 • latitude-longitude) level over the greater Mediterranean basin. This region is of particular importance because it is a crossroad where aerosols from different sources are superimposed and mixtures of different kinds of particles converge (e.g. Lelieveld et al., 2002) such as fine anthropogenic aerosols from Europe, desert dust from North Africa and maritime aerosols from the Mediterranean Sea. In addition, in the Mediterranean basin aerosols exert a strong climatic 5 effect especially in summer, due to the cloud-free conditions and high solar radiation intensity. The evaluation of the two datasets is performed through comparison of both the reprocessed MODIS C005 and the previous C004 AOD at 550 nm (AOD 550 ) products against corresponding data derived from 29 AERONET stations located within the study region. In addition, the two types of MODIS AOD products are inter-compared at 10 900 geographical cells covering the entire study region. In the comparison, emphasis is given to differences between land and ocean areas of the Mediterranean basin.
Aerosol optical depth data
Global time-series of aerosol parameters have been produced from MODIS/Terra (EOS AM-1) since its launch in December 18, 1999 and from MODIS/Aqua (EOS PM- and ±0.03±0.05(AOD) over ocean cells are available for each day of the 6-year study period. The present study focuses on the AOD at the wavelength of 550 nm (AOD 550 ) over land and ocean, because it is 16895 near the peak of the solar spectrum and thus associated with large radiative effects, and because AOD is usually given at this wavelength by the various available aerosol datasets. Overall, a total of 2191 daily sets of AOD 550 data were analysed for the 900 grid points (1 • ×1
• cells) of the study region. Also, mean daily regional values were calculated for the entire study period and time series were generated.
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The MODIS satellite C004 and C005 AOD 550 data were evaluated against corresponding surface-based measurements from 29 AERONET stations in the study region. AERONET is a network of sun/sky radiometers that measure solar extinction every 15 min within the spectral range 340-1020 nm (Holben et al., 2001) used to derive total column aerosol properties (Holben et al., 1998; Dubovik 10 et al., 2000; . Under cloud-free conditions, the overall uncertainty in AOD data is ±0.01 for wavelengths greater than 440 nm and ±0.02 for shorter wavelengths. Over the last years the AERONET network has been expanded to cover a large part of the Mediterranean basin. The 29 stations were selected based on the criteria of i) sufficient daily AOD Level 2.0 (Quality Assured) data availability from 1 March The AERONET AOD data were compared against the average AOD data of the five MODIS 1
• ×1
• latitude-longitude geographical cells surrounding each AERONET station, for each day of our 6-year study period. This provides a large number of 20 matched data pairs and enables good statistics. Figure 1a shows the six-year (2000) (2001) (2002) (2003) (2004) (2005) (2006) Figure 1b displays the geographical distribution of absolute differences between C005 and C004 MODIS AOD 550 data derived on a daily basis and then averaged over the entire 6-year period. In general, the differences are mostly negative indi-cating that the MODIS C004 mainly overestimates AOD with respect to C005 by up to 0.23. Specifically, the differences range from −0.05 to −0.23 over land surfaces, whereas along coastal areas they vary within the range of values from −0.01 to −0.05. Only over most marine locations there are small positive differences (<0.012), indicating a slight underestimation of marine AOD by MODIS C004 compared to C005. Our 15 results indicate that the new second generation (C005) MODIS aerosol retrieval algorithm V5.2 has affected the AOD products mainly over land (Remer et al., 2006 , http://modis-atmos.gsfc.nasa.gov/products C005update.html). The correction in the algorithm mainly concerns surface reflectance, whose accurate values at three wavelengths (470, 660, 2130 nm) are used in a true inversion to which the C005 algorithm 20 is based on. The largest differences between C004 and C005 AOD are found over land areas with large AOD 550 values due to the influence of desert aerosols, like North Africa, south Spain, Anatolian plateau and Middle East. In these areas, the relative percentage differences (not shown here) are as high as 45%. In contrast, the differences above the northern Mediterranean Sea do not exceed −0.01 because the corrections 25 in the new algorithm focused on improving the retrievals over land (Remer et al., 2006) .
Aerosol optical depth comparison
The computed annual mean AOD 550 from MODIS C005 data for the broader Mediterranean basin equals 0.22±0.18. This value, compared to the corresponding MODIS C004 value of 0.27±0.21, indicates a 23% overestimate of AOD 550 by C004 with re-16897 spect to the C005 dataset, associated with a larger spatial variability of the C004 dataset.
In Fig. 1c we show the spatial distribution of the computed correlation coefficients (R) between daily aerosol optical depth data at 550 nm from Collection 004 (AOD C4 ) and Collection 005 (AOD C5 ) over the broader Mediterranean basin (both land and ocean),
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over the six-year (2000-2006) study period. We thus obtain temporally resolved information on possible differences between C004 and C005. Over most places of the study region, the correlation coefficients are larger than 0.85 with better agreement between the two MODIS collections (correlation coefficients >0.9) occurring over maritime than continental areas. Therefore, it appears that in general the improvement of the MODIS 10 algorithm did not create inter-annual changes in AOD values over the region. This implies that plates like that of Fig. 1b can be used to correct, to a good approximation, the MODIS C004 AOD values regardless of the year. Nevertheless, in specific areas covering about 10% of the study region, the correlation coefficients are smaller than 0.6 and thus the year of the observations has to be considered when correcting the 15 C004 data. The complete spatial coverage of the Mediterranean by the MODIS allows the examination of the temporal variation of mean AODs over this region. Figure 2a depicts the six-year mean intra-annual variation of AOD 550 for the broader Mediterranean region for both C004 and C005 and the associated standard deviations. The MODIS C004
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AOD is systematically overestimated with respect to C005 throughout the year. The overestimation is larger in the warmer/drier period of the year (March to October, 12-22%) than in the colder/wetter period (November to February, 5-11%). However, the seasonal variability is not significantly changed, presenting double maxima in spring and summer, though the summer maximum is less pronounced in C005 than in C004.
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The spring and summer maxima are mainly associated with high desert dust loads in the eastern and central basin, respectively, transported by Mediterranean cyclones (e.g. Moulin et al., 1998) . Taking this into account, the identified AOD differences between the two MODIS Collections, indicate that the previous MODIS algorithm had problems mainly in areas and seasons characterized by significant aerosol dust loads, as also reported by others (Tripathi et al., 2005; Santese et al., 2007a, b) .
To date, several studies (Massie et al., 2004; Streets et al., 2006; Koukouli et al., 2006; Kazadzis et al., 2007; Kishcha et al., 2007; Mishchenko et al., 2007; Papadimas et al., 2008) using either MODIS or other datasets (e.g. Total Ozone Mapping Spec-5 trometer, TOMS or Advanced Very High Resolution Radiometer, AVHRR) reported a decreasing tendency in AOD during the last years. Tendencies derived from MODIS C004 data could be questioned because of known problems with the MODIS V4.2.2 AOD retrieval algorithm with respect to surface reflectance. Using AOD 550 data from the C004 and C005 datasets, the time series of daily mean regional values of AOD 550 10 for the broader Mediterranean region over the study period (2000-2006) for both collections have been computed and are shown in Fig. 2b . The C004 AOD 550 over the study region reveals a decreasing tendency from 2000 to 2006 equal to −17% in relative percentage terms whilst the C005 data give −20%. There is strong covariability of the two AOD time series, with a correlation coefficient R=0.97. Therefore, it appears that 15 the improvement of the MODIS algorithm did not affect the derived intra-annual and inter-annual variability of aerosol optical depth over the greater Mediterranean basin. In contrast, it produced a systematic correction as revealed by the almost parallel linear regression lines to C004 and C005 data.
The aerosol data from the AERONET network are considered as a reference for the 20 assessment of the quality of satellite-derived data. Thus, the MODIS C004 and C005 satellite AOD data have been compared against data from the 29 AERONET stations (Table 1 , Fig. 3a ) distributed uniformly over the study region. For each station, the comparison between MODIS and AERONET is performed separately for C004 and C005 data by means of absolute differences and correlation coefficients (R C4−AER , and
R C5−AER ), whereas correlations between data from the two MODIS collections are also computed (R C4−C5 , Table 1 ). In general, there is good agreement between both C004 and C005 and AERONET AODs, since the differences (ranging from −0.08 to 0.17 for C004 and from −0.12 to 0.10 for C005) fall within the range of standard deviations of 16899 both MODIS and AERONET, ranging from 0.16 to 0.25 for C004, from 0.13 to 0.27 for C005, and from 0.08 to 0.28 for AERONET, and that MODIS is representative of geographical cells of dimensions 100×100 Km 2 , whereas AERONET is for a specific site. Nevertheless, better agreement with AERONET is achieved with the new MODIS 5 algorithm V5.2, as shown by the improved statistics (higher correlation coefficient) for C005 compared to C004 datasets. Note also that locally the percentage differences with respect to AERONET AODs reach 100% for C004 against only 59% for C005. The present analysis indicates a clear overestimation of MODIS C004 AOD data with respect to AERONET that occurs at 23 stations, against an underestimation (yellow-10 coloured cells in Table 1 ) at only 6 stations. This overestimation of AOD 550 by MODIS C004 is especially strong at some stations characterized by desert dust, such as Nes Ziona (Israel) and Granada (Spain), where the differences are as high as 0.16 and 0.17 (relative percentage differences 64% and 100%), respectively. On the contrary, at stations characterized by anthropogenic fine aerosols (e.g. Ispra in Po Valley, Italy) 15 the differences are small (0.05 in absolute terms or 16%). The correlation coefficients between MODIS C004 and AERONET values range from 0.40 to 0.94, with 4 stations having coefficients smaller than 0.6 (deep cyan-coloured cells) and 14 stations with coefficients smaller than 0.7 (light cyan-coloured cells). The MODIS C005 AOD data provide drastic improvement in terms of comparison against AERONET since at only 20 two stations correlation coefficients are smaller than 0.6 (against 4 stations for MODIS C004) and at 5 stations smaller than 0.7 (against 14 stations for C004). In addition, at 14 stations AOD 550 from C005 is underestimated and at 12 stations it is overestimated.
The improvement of MODIS AOD data from C004 to C005 is clearly shown in Fig. 3b and c, where both sets are compared with AOD data from the 29 AERONET stations, 25 altogether yielding a total of more than 12 000 matched data pairs. The statistics are drastically improved, with the correlation coefficient between MODIS and AERONET increasing from 0.66 for C004 to 0.76 for C005, i.e. by 17%. The scatter of the points is also reduced substantially, with a decreased standard deviation of differences from 0.15 to 0.12, i.e. by 20%. The applied linear regression to the MODIS C005 versus AERONET data is much closer to the 1 to 1 line than the regression of MODIS C004, presenting an offset equal to only 0.04 instead of 0.12 and a slope equal to 0.85 instead of 0.79. Note that Levy et al. (2007b) based on a test bed of 6300 worldwide MODIS granules reported a slope equal to 1.01 and an offset of 0.03. For both collections,
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MODIS overestimates the lower AOD AERONET values, while underestimating the high AODs, as also reported by other investigators (e.g. Chu et al., 2002; . Nevertheless, there has been an improvement from C004 to C005 data, since in the former case the overestimation extends up to AOD values of about 0.6 while this occurs up to only 0.2 in the latter case. The computed mean AODs and associated 10 standard deviations for the two MODIS Collections and AERONET are given in Fig. 3b and c. There is a significant improvement with the mean C005 AOD 550 (0.23±0.19) matching amazingly well that of AERONET (0.23±0.17) opposite to the significantly overestimated mean C004 AOD 550 (0.29±0.20) . Figure 4a presents the overall AOD comparison between the two MODIS collections.
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There is a very large number of matched data pairs (more than one million), resulting from the 2191 daily values for each one of the 900 geographical cells of the study region, enabling thus good statistics. The comparison between C004 and C005 AOD data is separately shown over land and ocean surfaces in Fig. 4b and c, respectively. It is clear that the correction is much more important over land than over ocean. The correlation coefficient over land equals only 0.88 against a high coefficient of 0.99 over ocean. Moreover, the scatter of points is much larger over land (standard deviation, SD, of differences equals 0.08) than ocean (SD=0.03). Note that the mean MODIS AOD 550 derived with the new algorithm has increased over ocean from 0.21 to 0.22 (i.e. by 4.8%), while it has decreased significantly (i.e. from 0.31 to 0.23 or by 25.8%) over land. Our results are in line with Levy et al. (2007b) who reported a decrease in AOD 550 from 0.28 to 0.21 (i.e. by 25%) for a set of about 6300 globally distributed granules of both MODIS Terra and Aqua.
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The larger correction of AOD over land than ocean is also indicated by the slope of the applied linear regression lines to MODIS C004 versus C005 AOD data, which is much smaller over land (equal to only 0.8) than ocean (as high as 0.99).
The correction of C004 AOD 550 based on Eq. (1) is valid for the entire range of AODs when the whole study region is considered. More accurate corrections, valid 15 for specific bins of AOD ranging from 0 to 3, are provided in Table 2 , where the slope (a) and offset (b) of the applied linear regression lines to the AOD C5 vs. AOD C4 AOD data are given separately over land, over ocean, and for all areas (land and ocean) together with the computed correlation coefficients between AOD C5 and AOD C4 AOD values. Note the better agreement between the two MODIS collections over ocean than 20 over land, as indicated by larger slopes and correlation coefficients and smaller offsets. Correction formulas for MODIS C004 AOD values such as those shown in Table 2 are necessary given the identified problems encountered when comparing MODIS against ground-based AERONET data (Fig. 3b) .
Apart from changes in regional mean AOD values from Collection 004 to Collection 25 005, changes in the distribution (histogram) of AODs are also of interest. Figure 5 displays the histograms of retrieved AOD 550 from both C004 and C005 either for land (Fig. 5a ) and ocean (Fig. 5b) areas separately or for the entire study region (Fig. 5c) . In all cases, the distribution is unimodal and peaked near 0.12. There is a clear difference between land (Fig. 5a) and ocean (Fig. 5b) concerning AOD changes from C004 to C005. First, the differences between the two collections are small over ocean while they are much larger over land. Secondly, while the AOD is slightly increased from C004 to C005 over ocean for AOD>0.15, it is mainly decreased over land for AOD>0.20. For smaller AODs the opposite is valid over both land and ocean. A similar behaviour has 5 been reported by Levy et al. (2007b) for a set of 6300 MODIS Terra and Aqua granules over land. Nevertheless, there are some differences between the two studies. Levy et al. (2007b) found that AOD is reduced over land for 0.2<AOD<0.75 while it remains about the same for AOD>0.75. In the present study, the AOD 550 over land is found to be systematically reduced from C004 to C005 for 0.2<AOD 550 <1.0 up to about 1.0.
This is also projected in the results concerning the entire study region (Fig. 5c) .
Conclusions
The performance of the second generation MODIS algorithm (V5.2) for deriving aerosol optical properties with respect to the previous version (V4.2) was evaluated in this study through inter-comparison against quality ground-based AERONET data. The evalua- algorithm reveals an overall decrease (by 18.5%) in AOD 550 values over the study region, with the regional mean AOD decreasing from 0.27±0.21 to 0.22±0.18. More specifically, there is a significant decrease in AOD values over land (by 25.8%) against a slight increase over ocean areas (by 4.8%). Specifically, this is found for AOD>0.2 over land and AOD>0.15 over ocean areas in the Mediterranean basin. In contrast, 25 for clean aerosol conditions there is an increase in AOD over land (for AOD<0.2) and a decrease over sea surfaces (for AOD<0.15) . This resulted in a much better agree-16903 ment of C005 than C004 AODs with AERONET data. Thus, the mean AOD values are equal to 0.23±0.19 for C005 and 0.23±0.17 for AERONET, against 0.29±0.20 for C004. The statistics obtained from a large test set (more than 12000 matched data pairs) were greatly improved for C005 compared to C004 with regards to their regression with AERONET data. Thus, the correlation coefficient increased from 0.66 to 5 0.76, and the slope of the linear regression fit from 0.79 to 0.85 whereas the offset decreased from 0.12 to 0.04 and the scatter of compared data pairs from 0.15 to 0.12. The differences between the MODIS C005 and AERONET AODs lie within the range of uncertainties of the two datasets. Moreover, it is important that no changes in the interannual variation between C004 and C005 AODs were found but rather a systematic 10 correction in AODs, i.e. almost constant with time. In addition, despite the decrease in AOD values, the seasonal variation of AOD remains essentially unaffected, though the correction is larger in the drier (March to October) than in the wetter period of the year, i.e. when the region is influenced by dust aerosols transported basically from the North African deserts. The results indicate that the improvement of MODIS C005 AOD data 15 is probably due to the improved estimation of the surface visible reflectance that is calculated in the new algorithm using a parameterized reflection relationship and updated aerosol models. Quick first-order correction equations for size-resolved MODIS AODs based on the previous Collection 004, within the study region, have been derived from the analysis. The C005 AOD data can be more reliably used in various applications 20 and studies for the Mediterranean basin, including those for investigating tendencies in aerosol loads.
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